Abstract Finding novel causes for monogenic forms of diabetes is important as, alongside the clinical implications of such a discovery, it can identify critical proteins and pathways required for normal beta cell function in humans. It is increasingly apparent that there are significant differences between rodent and human islets. One example that has generated interest is the relative importance of the glucose transporter GLUT2 in rodent and human beta cells. The central role of GLUT2 in rodent beta cells is well established, but a number of studies have suggested that other glucose transporters, namely GLUT1 and GLUT3, may play an important role in facilitating glucose transport into human beta cells. In this issue of Diabetologia Sansbury et al (DOI: 10.1007/s00125-012-2595-0) report homozygous loss of function mutations in SLC2A2, which encodes GLUT2, as a rare cause of neonatal diabetes. Evidence for a beta cell defect in these subjects comes from very low birthweights, lack of endogenous insulin secretion and a requirement for insulin therapy. Neonatal diabetes is not a consistent feature of SLC2A2 mutations. It is only found in a small percentage of cases (~4%) and the diabetes largely resolves before 18 months of age. This discovery is significant as it suggests that GLUT2 plays an important role in human beta cells, but the interplay and relative roles of other transporters differ from those in rodents. This finding should encourage efforts to delineate the precise role of GLUT2 in the human beta cell at different developmental time points and is a further reminder of critical differences between human and rodent islets.
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Abbreviation
NDM Neonatal diabetes mellitus
Defining the genetic aetiology of diabetes is important as this information can affect treatment choice, informs on disease progression and has implications for family members [1] . The molecular characterisation of neonatal diabetes mellitus (NDM) has identified a number of genes that play critical roles in human pancreatic beta cell development and/ or function and has rapidly led to improved treatment options for some of these patients [2] [3] [4] (Fig. 1) . Alongside its clinical value, human genetics is also a powerful tool for identifying or uncovering the key role of proteins in both normal physiology and pathophysiology. The discovery of the critical role of hepatocyte nuclear factor 1α (HNF1A) in beta cell development and function through its identification as a MODY gene exemplifies the potential of this approach [5] .
Our current understanding of how the pancreatic beta cell works has largely been shaped by elegant studies in rodents that have inventoried the proteins present and investigated the cellular and phenotypic consequence of their loss or perturbation. Until recently, relatively little data have existed on human islets on account of difficulties in their acquisition. With the advent of islet transplantation programmes, access to human islets has become more widespread, facilitating their cellular and molecular characterisation. These efforts have identified crucial differences in the architecture, cell cycle control, ion channel composition and glucose transporter use between humans and rodents, resulting in questions over the direct extrapolation of rodent studies to human physiology [6] [7] [8] [9] (Fig. 1) . The supremacy of GLUT2 in glucose transport in the rodent beta cell is not disputed, but a number of studies have suggested that in humans other glucose transporters, most notably GLUT1, may play an important role in facilitating glucose entry into the beta cell [6, [10] [11] [12] [13] . These studies have collectively shown that GLUT1 is more abundant at both the transcript and protein level and that the physiological properties of human beta cells are more consistent with the kinetic characteristics of GLUT1 [6, 12] .
In the current issue of Diabetologia, Sansbury et al report the identification of recessive mutations in SLC2A2 (encoding the glucose transporter GLUT2) in patients with NDM [14] . Having sequenced SLC2A2 in just over 100 cases of NDM in whom the known aetiologies had been excluded, five were found to have homozygous mutations. Of these, four had the transient variety of neonatal diabetes (TNDM), which resolves within a median of 18 months, and the fifth individual remains on insulin treatment at 28 months. The evidence for a beta cell defect in these individuals comes first from the observation that all five cases have very low birthweights, below the third centile, reflecting the critical role of fetal insulin as a growth factor in the third trimester. Second, two of the affected individuals presented with low C-peptide levels in the presence of clear hyperglycaemia. Third, all five patients responded to similar insulin doses to those used to treat other forms of neonatal diabetes, suggesting relative insulin deficiency was at least contributory, if not causal, to the diabetes.
This discovery adds valuable information to the discussion on the role of GLUT2 in human insulin secretion. While there are major defects in glucose-stimulated insulin secretion in Slc2a2 −/− mice, leading to severe diabetes that is generally lethal within 2-3 weeks following birth, in man, recessive mutations in SLC2A2 are a well-established cause of Fanconi-Bickel syndrome, which until this report did not feature diabetes as a recognised feature [10, 14, 15] . Fig. 1 Key differences between human and rodent islets and critical proteins for human beta cell function as demonstrated by monogenic disorders. Human (a) and mouse (b) islets are co-labelled for insulin (red), glucagon (green) and somatostatin (blue), from which it can be observed that in mice the glucagon-containing cells are primarily located on the outside of the islet and insulincontaining cells on the inside, whereas in humans they are both present throughout the islet. In the schematic representation of the human beta cell (c) the proteins encoded by genes in which mutations result in monogenic syndromes of beta cell dysfunction (red) and those which differ in their composition between mouse and man (green) are displayed. BK channels, large conductance voltage-and Ca
2+
-activated K + channels; EIF2AK3, eukaryotic translation initiation factor 2α kinase 3; HNF1A, hepatocyte nuclear factor 1α; HNF1B, hepatocyte nuclear factor 1β; HNF4A, hepatocyte nuclear factor 4α; NeuroD1, neurogenic differentiation factor 1; NGN3, neurogenin 3; PDX1, pancreatic and duodenal homeobox 1; PLAGL1, Pleiomorphic adenoma-like protein 1; PTF1A, pancreas transcription factor 1α; RFX6, regulatory factor X6 Fanconi-Bickel syndrome is typically characterised by a myriad of metabolic abnormalities, including hepatorenal glycogen accumulation, proximal renal tubular dysfunction and impaired glucose utilisation [10, 15] . Furthermore, there is no evidence that common genetic variants in SLC2A2 that are associated with fasting plasma glucose levels in humans do so via defects in beta cell function [16] . These phenotypic differences are supported by gene expression studies: Slc2a2 is by far the most abundantly expressed glucose transporter gene in rodent islets, whereas it is almost absent in humans [6, 12, 13] .
In human fetal islets, the presence of both GLUT1 and GLUT2 has been demonstrated throughout organogenesis, but their relative roles in glucose transport in the developing beta cell have not been determined [13, 17] . During the third trimester, fetal insulin is an important growth factor, and the low birthweight reported in the individuals with GLUT2 deficiency supports reduced insulin secretion from fetal beta cells in utero. This observation is consistent with a role for GLUT2 in human beta cell function from at least week 27. In light of this finding it will now be important to study the birthweights of individuals with Fanconi-Bickel syndrome who do not present with NDM, as evidence of normal birthweight in these cases would argue against a reduction in insulin secretion in utero.
An imperative, but as yet unanswered question is why such a small percentage (~4%) of individuals with GLUT2 deficiency present with neonatal diabetes. To date, there is no evidence for a genotype-phenotype relationship and, in fact, family members with the same mutation have contrasting diabetic phenotypes [14] . Taken together this suggests that other forces, or glucose transporters, are at play in governing glucose entry into the beta cell, and that perhaps compensation can be offered by either GLUT1 or GLUT3, both of which are expressed at higher levels than GLUT2 in human beta cells [12] .
Consistent with a compensatory role for other glucose transporters, three of the four individuals with NDM because of GLUT2 deficiency had diabetes that resolved, suggesting sufficient insulin can be released from the beta cell in the absence of GLUT2. It is possible that glucosestimulated insulin secretion in these patients will always be mildly impaired, but not sufficiently so to cause frank diabetes. Alternative explanations for the transient and infrequent nature of diabetes are that the beta cell defect is masked by the extra-pancreatic defects in glucose homeostasis in this syndrome, most notably, glycosuria. Further studies are evidently needed to unravel the relative roles and interplay between the three glucose transporters present in human beta cells.
The observation by Sansbury et al is a reminder that while rodents are valuable model organisms, the direct extrapolation of findings in rodent models to humans should be approached with caution. In instances where the human tissue is incompletely characterised, such as the human islet, this seems particularly pertinent. Through the study of human knockouts, GLUT2 has re-emerged as a contender for glucose transport in the human beta cell. The challenge now is to understand its precise role and relevance at different developmental time points in governing insulin secretion in humans.
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